Coronary perfusion has shown that an intramolecularly crosslinked hemoglobin (Hb) with a very low affinity for 02 (Hb crosslinked covalently between the f3 chains with 2-nor-2-formylpyridoxal 5'-phosphate, HbXL) has several advantages over ordinary Hb. As predicted from in vitro oxygenation curves, much more 02 was unloaded to the heart at three different heart rates, at two perfusion rates, and when the perfusate was equilibrated with 25% as well as 95% 02. In all cases, the improved 02 unloading occurred at higher tissue 02 pressures than with normal Hb. The greater 02 consumption with HbXL was accompanied by better mechanical performance because, after 90 min of perfusion, the HbXL-perfused hearts maintained two-thirds of their original contractility (dp/dt), while that of the Hb-perfused hearts had declined to one-fifth. A special advantage of HbXL is its ability to unload significant amounts of 02 even at low temperature (100C), in contrast to whole blood. This should make it useful for supporting aerobic metabolism during low-temperature cardioplegia in cardiac surgery and for organ preservation.
The use of hemoglobin (Hb) as a blood substitute has been widely investigated (1, 2) because it has certain advantages over whole blood, such as low viscosity, colloidal osmotic pressure, longer shelf life, and absence of antigens and viral contaminants. However, the use of Hb solutions as a blood substitute is vitiated by two serious drawbacks. The 02 affinity of Hb in the absence of 2, 3-diphosphoglycerate is too high for useful 02 unloading, and the dissociation of HbO2 into dimers leads to rapid plasma disappearance and elimination by the kidneys (3) . Therefore, attempts have been made to overcome these two limitations by chemical modification of the Hb. These have included substitution with pyridoxal phosphate to lower the 02 affinity (4) (5) (6) (7) (8) and various crosslinking procedures to increase intravascular retention (9) (10) (11) . Another chemical modification that lowers the 02 affinity substantially has been described recently (12) . Unfortunately, pyridoxylation does not prevent dissociation of hemoglobin into half molecules, whereas the introduction of crosslinks has generally increased rather than decreased the 02 affinity. For this reason, Hbs have been used that are both pyridoxylated and polymerized by intermolecular or intramolecular crosslinks (9) (10) (11) . However, even this approach is undesirable because it leads to heterogeneous polydispersed mixtures of widely different molecular weight with obvious osmotic consequences. Equally important is the flat oxygenation curve that inevitably results from a mixture of Hbs with different 02 affinities.
We previously have described a method for crosslinking Hb interdimerically between the p chains with a dialdehyde derivative of pyridoxal phosphate, 2-nor-2-formylpyridoxal 5'-phosphate, forming HbXL (13) . This modification fulfills both objectives at the same time because it leads to a Hb that has a profoundly lowered 02 affinity, does not dissociate, and consists of a homogeneous population of identical tetramers. Previous experiments have shown that, in fact, it is not eliminated in the urine (14) .
It is the purpose of this communication to demonstrate the functioning of this Hb in an isolated perfused rabbit heart preparation.
EXPERIMENTAL
HbXL was prepared from hemolysates of fresh human erythrocytes and isolated with a 60% yield, as described (6), and unmodified Hb was purified by the method of Abraham et al. (15, 16) .
A modified Langendorff technique (17) was used for the heart preparation.
White, male, 2-to 3-kg rabbits were anesthetized with sodium pentobarbital (20-30 mg/kg of body weight, administered i.v.), followed by heparin treatment (Liqaemin, sodium salt; 2500 units/kg, administered i.v.). The heart was quickly removed, the ascending aorta was immediately cannulated, and retrograde perfusion was initiated with Krebs-Ringer bicarbonate buffer solution containing 120 mM NaCl, 4.7 mM KCl, 1.2 mM MgSO4, 25 mM NaHCO3, 1.27 mM CaCl2, and 10 mM glucose, which had been equilibrated with 95% 02/5% Co2.
Two pairs of contact electrodes were attached to the epicardium by 5-0 silk to monitor by electrocardiogram and to pace the heart. A catheter with a fluid-filled balloon was placed in the left ventricle through the mitral valve in order to preset the preload at 15-20 torr (1 torr = 133.3 Pa) and to monitor intraventricular pressure; another catheter placed in the right atrium was used to collect the effluent anaerobically. Once the heart preparation was stabilized (about 30 min), perfusion was begun with =100 ml of solutions (1 g/100 ml) of either Hb or HbXL in Krebs-Ringer bicarbonate buffer.
The Hb solutions, after equilibration with 95% 02/5% CO2 or 25% 02/5% C02/70% N2 in a small disc oxygenator, were perfused with a Sigma 5000 pump through the coronary vessels at a rate of 6 and 4 ml/min. The effluent was sampled at intervals and recirculated through the oxygenator. The parameters measured in the perfusate and the effluent were: Po2, Pco2, and pH (pH blood-gas analyzer 313, Instrumentation Laboratory, Lexington, MA); 02 content (Lex 02 Con-TL, Lexington Instruments, Waltham, MA); and Hb and methemoglobin concentrations (18, 19) . Left ventricular pressure and the electrocardiogram were recorded at spontaneous heart rates and at a rate of 180 and 300 paced heart beats/min. An Aminco Hem-O-Scan was used to record the binding curves of Hb and HbXL at 37°C, and oxygenation curves at 10°C were measured by tonometry as described (18, 20) .
Abbreviations: HbXL, hemoglobin crosslinked covalently between the ,B chains with 2-nor-2-formylpyridoxal 5'-phosphate.
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Hb-bound 02 was obtained from the measured total 02 content by subtracting dissolved 02 (solubility coefficient = 0.003 ml/100 ml of solution per mm of Hg). The results were statistically evaluated by the Student t test.
RESULTS
The 02 equilibrium curves of Hb and HbXL are compared in Fig. 1 . The 02 affinity of HbXL was greatly decreased, but the sigmoid shape of the curve was preserved. As a result, at 370C the crosslinked Hb could unload much more 02 than could normal Hb at 02 pressures above =20 torr, even though it only reached 90% of saturation in 95% 02/5% CO2. Thus, for instance, a drop in Po2 from 160 to 40 torr would release 45% of the bound 02 from HbXL but only 5% from Hb (see Fig. 1 ). At 10'C the difference between the two Hb preparations became even more dramatic. At this temperature Hb failed to unload any significant amounts of 02 at pressures above 5 torr, whereas HbXL released about 90% of its 02 at 5 torr and about 60% at 10 torr (Fig. 1) .
The results of the perfusion experiments are collated in Fig. 2 . The amount of 02 supplied to the heart tissue by HbXL was substantially greater than in the case of Hb under the same experimental conditions (P < 0.02). This difference in the amount of 02 delivered to the tissues was maintained at the three different heart rates, at both perfusion rates, and when the perfusate was equilibrated with 25% as well as 95% 02 (histograms in Fig. 2 ). The upper part of Fig. 2 shows that the heart not only extracted more 02 from HbXL than from Hb but that it was actually able to do so at a higher Po2 under all conditions (P < 0.02).
This observation is illustrated in more detail in Fig. 3 solid lines are calculated from the corresponding in vitro oxygenation curves. 02 unloading in the heart preparation is evidently close to that predicted from the in vitro measurements.
No significant differences in the pH or Pco2 of the effluent from perfusion with HbXL and Hb were observed. The Hb concentration remained constant at 1 g/100 ml, and methemoglobin formation was small, notably with HbXL. At the end of the experiments, the methemoglobin content as a fraction of the total Hb was 0.11 ± 0.02 and 0.07 ± 0.0 for Hb and HbXL, respectively. The wet and dry weight of the hearts at the end of the perfusion with HbXL and Hb were not statistically different (6.6 ± 0.25; 1.4 ± 0.1 g and 7.5 ± 0.67; 1.6 ± 0.2 g, respectively).
The results on the rate of change of ventricular pressure with time (dP/dt) are presented in Table 1 . In general agreement with previous reports (21-26), we found that at these concentrations unmodified Hb is unable to support cardiac function adequately, because dP/dt decreased by 82% in 90 min. The increased amounts of 02 extracted from HbXL led to a drop of only 33% in dP/dt for the same time interval. This also was reflected in the longer survival of HbXL-perfused hearts (>120 min) in contrast to Hb-perfused hearts, which stopped beating within 90-120 min. It remains to be seen whether higher concentrations of HbXL will preserve myocardial function at its original level. Proc. NatL Acad ScL USA 81 (1984) 
